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Abstract—The frequency of extreme events (e.g., hurricanes,
earthquakes, and floods) and man-made attacks (cyber and
physical attacks) has increased dramatically in recent years.
These events have severely impacted power systems ranging from
long outage times to major equipment (e.g., substations, trans-
mission lines, power plants, and distribution system) destruction.
Distribution system failures and outages are major contributors
to power supply interruptions. Network reconfiguration and mov-
able energy resources (MERs) can play a vital role in supplying
loads during and after contingencies. This paper proposes a
two-stage strategy to determine the minimum sizes of MERs
with network reconfiguration for distribution service restoration
and supplying local and isolated loads. Sequential Monte Carlo
simulations are used to model the outages of distribution system
components. After a contingency, the first stage determines
the network reconfiguration based on the spanning tree search
algorithm. In the second stage, if some system loads cannot be
fed by network reconfiguration, MERs are deployed and the
optimal routes to reach isolated areas are determined based
on the Dijkstras shortest path algorithm (DSPA). The traveling
time obtained from the DSPA is incorporated with the proposed
sequential Monte Carlo simulation-based approach to determine
the sizes of MERs. The proposed method is applied on several
distribution systems including the IEEE-13 and IEEE-123 node
test feeders. The results show that network reconfiguration can
reduce the required sizes of MERs to supply the isolated areas.
Index Terms—Distribution service restoration, extreme events,
isolated loads, movable energy resources, network reconfigura-
tion, and spanning tree search algorithm.
I. INTRODUCTION
The frequency of extreme weather events (e.g., hurricanes,
earthquakes, and floods) has been increasing over the past
a few years. For example, the average number of disaster
events in the United States from 2014 to 2018 is more than
double the average number of disaster events from 1980 to
2018 [1]. These events have led to large blackouts and major
destructions of power grids resulting in economic losses and
more importantly, long outage duration times. The super-
storm Sandy of October 2012 caused power loss to 8 million
customers across 15 states in the United States [2]. Hurricane
Irene in 2011 caused power outage for 6.5 million people [2].
Hurricane Harvey in 2017 caused power outage to more than 2
million customers [3]. Majority of the customer interruptions
are caused by the distribution system failures [4]–[6]. There-
fore, this calls for developing control and operation methods
and planning strategies that can improve distribution service
restoration (DSR) after such events.
Typically, DSR is performed after contingencies to maxi-
mize load restoration and minimize outage durations. Although
numerous approaches have been documented in the literature
for DSR such as network reconfiguration (NR), microgrid
(MG) formation, and splitting power grid into several smaller
and reliable MG, coordination between NR, Distributed Gen-
erations (DGs), and movable energy resources (MERs) to form
dynamic MGs have been considered as the most effective DSR
approach.
Mobile energy resources (MERs) are flexible and movable
resources that can play an important role in distribution service
restoration, specifically when there are no other means of
power supply during contingencies. MERs can be easily and
quickly integrated into distribution systems when sustained
damages lead to prolonged power outages. These resources
are carried from staging locations to faulted locations with the
help of trucks. MERs are not only flexible in terms of carrying
them from one location to another but also they can be made
sufficiently large to supply large loads in the range of MWs.
The feasibility of MERs for distribution service restoration
has been extensively studied in the literature. Authors of [7]
have proposed a strategy to restore critical loads considering
dispatch of repair crew and MERs. An optimization method
to form dynamic MG through re-routing of MERs has been
introduced in [8] to reduce the amount of load shedding
caused by extreme events. In [9], mobile energy storage
systems (MESSs) have been integrated with MG resources,
and distribution network reconfiguration has been performed
to minimize the total system cost. Also, damage and repair
status of distribution and transportation networks have been
considered in the integrated approach of [9]. In [10], mobile
emergency generators have been dispatched (pre-positioning
and real-time) to supply critical loads by forming MG in distri-
bution system. In [11], repair crew, mobile power sources, and
other distribution service restoration strategies are coordinated
to restore loads after extreme events. Transportable energy
storage, generation rescheduling, and network reconfiguration
are integrated to enhance the resilience of distribution systems
in [12]. Most of the current work in the literature is focused on
strategies to deploy MERs without determining the required
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sizes for a spectrum of potential contingencies. Without appro-
priate size of MERs, it will either be oversized or undersized
and therefore may not be able to achieve its objective of
maximum service restoration with minimum resources during
contingencies.
This paper proposes a stochastic strategy to determine
sizes of MERs for distribution service restoration considering
network reconfiguration, travel times, and outage durations of
distribution system components (switches, transformers, and
lines). In the proposed approach, after the occurrence of each
contingency, the spanning tree search algorithm (STSA) is
applied as a decision tool to check the possibility of network
reconfiguration. Based on the statuses of the network config-
uration, the necessity of MERs is decided and optimal routes
for the relocation of MERs are determined based on Dijkstra’s
shortest path algorithm (DSPA). Considering the traveling time
for shortest routes provided by the DSPA and the installation
time of MERs, the sequential Monte Carlo simulation-based
approach is used to determine the sizes of MERs to serve
local and isolated loads. Traveling and installation times are
subtracted from contingency durations in determining the sizes
of MERs. The effectiveness of the proposed approach is
demonstrated through several case studies on IEEE 13- and
IEEE 123-node test feeders. The results show that network
reconfiguration can reduce the required sizes of MERs to
supply isolated loads.
The rest of the paper is organized as follows. Section II
describes the network reconfiguration problem and STSA used
for network reconfiguration. Section III describes the proposed
approach to determine the optimal routes for the relocation of
MERs, unbalanced power flow, and Monte Carlo simulation-
based approach for sizing of MERs. Section IV illustrates the
proposed method on the IEEE 13- and IEEE 123-node test
feeders. Finally, section V provides concluding remarks.
II. DISTRIBUTION SYSTEM NETWORK RECONFIGURATION
Electric distribution systems are characterized by radial
or weakly-meshed structure with high R/X branch ratios.
Distribution systems are generally equipped with two types
of switches: sectionalizing switches (normally closed) and
tie-switches (normally open) to serve the maximum loads
during the normal and the contingency conditions. Optimal
distribution network reconfiguration is one of the important
operational tasks, which are performed frequently on electric
distribution systems to achieve various objectives. Network
reconfiguration is the process of altering the configuration
of the distribution system by changing the status of the
sectionalizing and tie-switches to achieve desired objectives.
Several methods have been presented in the literature to solve
the optimal distribution system reconfiguration problem for
different objectives. It was first introduced by Merlin and
Back in 1975 for minimizing the active power loss of radial
distribution systems [13]. Of these objectives, distribution
service restoration [14]–[16], reliability improvement [17],
[18], and loss minimization and load balancing [19], [20] are
of most concern.
In this paper, distribution systems are represented as a graph
G with V vertices and E nodes and STSA is implemented as
a decision tool to search the possibility of network reconfigu-
ration after the contingencies.
In Graph Theory, a graph represents a structure of composed
nodes (or vertices) and edges. The edges are the connection
between vertices. The electric distribution system also consists
of nodes and lines similar to that of the graph, therefore, STSA
can also be used for distribution systems [16]. Moreover, it is
easier to maintain the radiality of the distribution system using
STSA than other available techniques.
A spanning tree is a subset of the graph, which has a
minimum number of edges connecting all nodes. A spanning
tree does not have loops and it is not disconnected. A con-
nected graph can have several spanning trees and all possible
spanning trees will have same number of edges and nodes.
If all the nodes are connected in a radial distribution system,
it will obviously represent a spanning tree. STSA is a highly
useful method for reconfiguration of distribution networks. In
this method, firstly, all the possible combinations of spanning
tree are determined. After this, the optimal spanning tree is
selected as per the desired objectives.
III. SIZING OF MOVABLE ENERGY RESOURCES
Sizes of MERs depend upon the curtailed loads, duration of
contingencies, the travel time to the location of isolated loads,
and installation time. This section describes the application
of the DSPA for optimal routes for MERs, calculation of
the unbalanced power flow, sizing of MERs, Monte Carlo
simulations, and the solution algorithm.
A. DSPA for Optimal Routing of Movable Energy Resources
As several routes could be available from the staging
position of MERs to the faulted node, finding the best route
can definitely reduce the outage duration for the isolated loads.
Various approaches such as DSPA [21] and Floyd-Warshall
algorithm [22] have been used in literature to determine the
optimal route. As only the route from staging position to the
faulted node is of the interest, in this work, the DSPA is used
to find the optimal route that minimizes the traveling time.
The DSPA routes the MERs in such a way that the distance
and therefore, travel time is minimized. The optimal traveling
time obtained from this approach is incorporated in determin-
ing the sizes of the MERs that can supply the isolated loads.
As MERs may take some time to reach the faulted node from
the staging position, ignoring it would produce inaccurate sizes
of the MERs. Apart from the traveling time, installation time
for MERs at the faulted node is also considered in determining
the sizes of MERs.
B. Unbalanced Power Flow and Simulation Environment
MATLAB is used to simulate potential contingencies, de-
termine optimal sizes and routes, and perform network re-
configuration. For each contingency, if some loads cannot be
supplied using network reconfiguration, the OpenDSS is used
for power flow calculations which are usually unbalanced. The
OpenDSS is an open source for distribution system simula-
tion developed by Electric Power Research Institute (EPRI)
[23]. The OpenDSS calculates unbalanced power flow using
Newton’s Method (note that Newton’s Method implemented in
OpenDSS is different from the Newton-Raphson method). In
integrating MATLAB and OpenDSS, distribution system data
including reliability data and routes information are provided
in MATLAB. MATLAB calls the OpenDSS engine for the
unbalanced power flow. OpenDSS provides all the monitored
information back to the MATLAB to perform the remaining
tasks.
C. Determination of Sizes of Movable Energy Resources
When a contingency occurs, several components of the dis-
tribution system may become out of service for long periods.
In this case, the existing utility supply may not be sufficient
or may be out of the reach to certain parts of the distribution
system. A portion of these loads could be supplied through
reconfiguration and local generations. However, in some cases,
even after the reconfiguration and local generations, some
areas remain isolated from the main supply. Therefore, no
matter how critical these loads are, they will face power
outages. To deal with such situations and supply such isolated
loads, this work determines the size of MERs that is required
to supply those isolated loads. The procedure to determine the
sizes of MERs is explained as follows and shown in Fig. 1.
1) Input all the required system data including reliability and
routes information.
2) Perform the power flow for a year for the given system
without any line loss and monitor the nodal voltages,
currents, and power flows. Calculate the total substation
power flow for each hour and store them.
3) Generate outage history for lines, transformers, and
switches using Monte Carlo next event method for a
reasonable number of years.
4) Generate all possible radial configurations using STSA
and separate all the contingencies for which network
reconfiguration is not possible.
5) For each contingency for which spanning tree cannot
be formed, perform the power flow with specific hourly
loads for the duration of that particular contingency.
6) Record all substation power flows for the duration of
all contingencies. Subtracting this power from the power
without any line loss gives the power needed to be sup-
plied by MERs. Note that the time coordination between
the total substation power flow due to contingencies and
without contingencies with the same level of load is very
important otherwise it will give the wrong size.
7) Determine the optimal route for the relocation of MERs
for each contingency using DSPA. Certain installation
time should be added to the optimal travel time to
determine the net power requirement. As some time is
required for relocation and installation of MERs, the
isolated loads will experience outages during this period.
This outage duration is subtracted from the duration of
a given contingency to determine the average size of the
energy storage.
Mathematically, determination of the size of the MERs can
be expressed as follows.
P knet = P
k
base − P kafter (1)
tcont =
ncont∑
i=1
Di (2)
tavg =
tcont
ncont
(3)
Einet =
Di∑
k=1
P knet (4)
Eavg =
∑tcont
i=1 E
i
net
ncont
(5)
Pmax =
∑ncont
i=1 P
i
max
ncont
(6)
Pavg =
∑ncont
i=1 P
i
avg
ncont
(7)
In (1)–(7), P knet is the net power required for the MERs
after incorporating the traveling and installation time at hour
k; P kbase is the total substation power flow at hour k without
any contingencies; P kafter denotes the total substation power
flow after the contingencies and reconfiguration at hour k;
tcont is the total contingencies duration; Di is the duration
of contingency i; Einet is the sum of power demand during
contingency i; Eavg is the average size of required MERs;
ncont is the total number of contingencies during 8760×Y ear
hours; Pmax is the average of the maximum of all the
contingencies; P imax is the maximum power demand from
MERs during contingency i; tavg is the average duration of
the contingencies; Pavg denotes the average power needed to
supply due to contingencies; and P iavg is the average power
demand from MERs during contingency i.
IV. CASE STUDIES
In order to validate the proposed approach, simulations
have been performed on two distribution feeders: IEEE 13-
and IEEE 123-node test feeders. These are very common
unbalanced systems for distribution system studies. The load
profile is taken from [23]. The reliability data for the tested
distribution systems are given in Table I [24]. MATLAB is
used for network reconfiguration (spanning-tree), Monte Carlo
simulations, and determining the travel time of MERs. The
power flow for each scenario is calculated using OpenDSS.
TABLE I
DISTRIBUTION SYSTEM RELIABILITY DATA
Components Mean time to failure Mean time to repair
(failure/year) (hour)
Transformer 0.05882 144
Distribution line 0.13 5
Switch 0.2 5
Start
Input all the system data 
including reliability data
Determine size of MERs, and 
average outage duration
Stop
No
Yes
Run power flow 
For k=1:n0s
Separate all the contingencies 
for which reconfiguration is not 
possible
Is 
k= n0s ?  
Generate outage history for 
lines, transformer, & switches 
using MCS
Record total power flow for  
contingency hour k k=k+1
Fig. 1. Flow chart of proposed approach
A. IEEE 13-Node Test Feeder
The IEEE 13-node test feeder is characterized by being
small, heavily loaded, unbalanced, contains overhead and
underground lines, and has one voltage regulator, shunt ca-
pacitors, and an in-line transformer. This feeder operates at
4.16 kV. The total loads in this system are 3466 kW and 2102
kVar. More detailed data of the IEEE 13 node test feeder are
given in [25].
Since this system has only one sectionalizing switch and
only one substation, no reconfiguration is possible. Monte
Carlo simulations are used to sample occurrence times of
contingencies and their durations based on the mean time to
failure and mean time to repair of system components. The
time at which a contingency occurs and the duration of the
contingency are important in determining curtailed loads. For
example, if a contingency occurs at 2 : 00 pm and lasts
for 5 hours, the MER will be used to feed curtailed loads
during this period considering that the system load will be
changing during this period. The power flow is solved for each
contingency and for each load change during the contingency
to determine the curtailed load. For this system, the average
interruption time of potential contingencies is found to be 10.8
hours. The MER sizes and interruption times of the IEEE 13-
node test feeder are given in Table II.
150
149 1
2
5
7
6
3
4
8
13
9
1411
10
34
15
16
17
22
24
20 19
18
21
23
25
28
30
26
27
33 31
32
250
135 35
36
38
39
37
41
43
46
45
42
40
44
48
47 49 50
51
151 300
152 52 53
54 5655
94
96
195
95 93
92
91 89 87 86
90
88
575859
60
62
63
6465
66
160 68
610
350
73 74 75
97
69 70 71
67
98 99 100 450 451
111
110
106
109
112
113
114
105
101
197
102 103 104
72
78
77
76
80
79
81
82
85
84
83
251
1 phase line
2 phase line
3 phase line
Sectionalizing switch
Tie-switchTransformer
Substation
Regulator
Capacitor
12
Fig. 2. IEEE 123 node-test feeder
B. IEEE 123-Node Test Feeder
The IEEE-123 node test feeder, as shown in Fig. 2, is
characterized by having overhead and underground lines,
four voltage regulators, four shunt capacitor banks, multiple
sectionalizing and tie-switches, and unbalanced loading with
constant current, power, and impedance models. The total real
and reactive loads of this system are respectively 3490 kW and
1925 kVar. Network data of the IEEE 123-node test feeder are
given in [25].
In this system, there are 6 sectionalizing switches, 5 tie-
switches, one transformer, and 118 lines. Reliability data of
all network components are used to simulate potential con-
tingencies. During any contingency, the up and down statuses
of all system lines, switches, and different substation nodes
are provided as inputs to STSA which determines whether
the reconfiguration is possible. Power flow calculations are
performed only for the contingencies during which load cur-
tailment is not avoidable and reconfiguration is not possible.
In this work, all contingencies for 200 years are considered.
As MER is required only for isolated loads that cannot be
fed even by network reconfiguration, power flow calculations
will be required only for these cases. Monte Carlo simulations
are used to sample occurrence times of contingencies and
their durations. For this system, it was found that network
reconfiguration alone allows complete load restoration for
around 33% of the simulated contingencies. For the remaining
67% of contingencies, the network reconfiguration can restore
some of the loads but some areas remain isolated. Therefore,
MERs are required to restore the loads for the cases where
the network reconfiguration cannot restore the entire curtailed
loads. The average interruption time for this system is found
to be 5.84 hours. The MER sizes and interruption times of the
IEEE 13-node test feeder are given in Table II.
C. Results and Discussion
The results of the test cases are shown in Table II. The
average sizes of MERs for the IEEE 13- and IEEE 123- node
test feeders respectively are: (370 kW, 3998 kWh) and (138
kW, 810 kWh). The average of maximum power for each
contingency is 590 kW for IEEE 13-node test feeder and
198 kW for the IEEE 123- node test feeder. The average
durations of each contingency is 10.8 hours for IEEE 13-node
test feeder and 5.84 hours for the IEEE 123- node test feeder.
The travel time and installation time of a MER are subtracted
from the interruption time in determining the sizes of MERs
since during these times MERs will not deliver energy to
isolated loads. Optimal travel time of a MER are calculated
using DSPA for the given contingency. The installation time is
assumed to be 15 minutes which represents the time to install
MERs at faulted locations. We used 15 minutes for the sake
of simplicity but actual installation times can be used. Even
though both the feeders have same level of loads, the average
size of MERs in IEEE 13-node is significantly larger than that
of the IEEE 123-node because of the fact that reconfiguration
is not possible for the case of IEEE 13-node feeder.
TABLE II
RESULTS FOR ALL CASE STUDIES
IEEE 13 IEEE 123
Average Size (kWh) 3998 810
Average Size (kW) 370 138.67
Maximum Size (kW) 590 198
Average Duration Time (hours) 10.8 5.84
V. CONCLUSION
This paper has introduced an optimal sizing of movable en-
ergy resources for distribution service restoration considering
network reconfiguration, line outage durations, and relocation
time of movable resources. The proposed method takes ad-
vantage of network reconfiguration for reducing the capacity
of energy resources. The spanning tree search algorithm was
implemented for network reconfiguration. The time required
for the relocation of movable resources and installation was
also considered while sizing of those resources. The optimal
travel time for relocation of movable energy resources was
determined using the Dijkstra’s shortest-path algorithm. For
the validation of the proposed algorithm, simulations have
been performed on the IEEE 13 and IEEE 123 node test
feeders, which are highly unbalanced. The test results have
illustrated that the proposed algorithm is suitable for sizing of
movable energy resources for distribution service restoration
and reliability enhancement.
REFERENCES
[1] NOAA national centers for environmental information (NCEI) U.S.
billion-dollar weather and climate disasters (2019). [Online]. Available:
https://www.ncdc.noaa.gov/billions/
[2] U. S. Department of Energy, “Economic benefits of increasing electric
grid resilience to weather outages,” Tech. Rep., Aug 2013.
[3] NERC, “Hurricane harvey event analysis report,” Tech. Rep., March
2018.
[4] R. Billinton and R. N. Allan, Reliability Evaluation of Power Systems,
2nd ed. New York: Plenum, 1996.
[5] R. E. Brown, Electric Power Distribution Reliability. Marcel Dekker
Inc., 2002.
[6] A. A. Chowdhury and D. Koval, Power Distribution System Reliability:
Practical Methods and Applications. J. Wiley Inc., 2009.
[7] Y. Xu, Y. Wang, J. He, M. Su, and P. Ni, “Resilience-oriented distribution
system restoration considering mobile emergency resource dispatch in
transportation system,” IEEE Access, vol. 7, pp. 73 899–73 912, June
2019.
[8] J. Kim and Y. Dvorkin, “Enhancing distribution system resilience with
mobile energy storage and microgrids,” IEEE Transactions on Smart
Grid, vol. 10, no. 5, pp. 4996–5006, Sep. 2019.
[9] S. Yao, P. Wang, X. Liu, H. Zhang, and T. Zhao, “Rolling optimization
of mobile energy storage fleets for resilient service restoration,” IEEE
Transactions on Smart Grid, 2019.
[10] S. Lei, J. Wang, C. Chen, and Y. Hou, “Mobile emergency generator
pre-positioning and real-time allocation for resilient response to natural
disasters,” IEEE Transactions on Smart Grid, vol. 9, no. 3, pp. 2030–
2041, May 2018.
[11] S. Lei, C. Chen, Y. Li, and Y. Hou, “Resilient disaster recovery logistics
of distribution systems: Co-optimize service restoration with repair crew
and mobile power source dispatch,” IEEE Transactions on Smart Grid,
vol. 10, no. 6, pp. 6187–6202, Nov 2019.
[12] S. Yao, P. Wang, and T. Zhao, “Transportable energy storage for
more resilient distribution systems with multiple microgrids,” IEEE
Transactions on Smart Grid, vol. 10, no. 3, pp. 3331–3341, May 2019.
[13] A. Merlin and H. Back, “Search for a minimal-loss operating spanning
tree configuration for an urban power distribution system,” in Proceed-
ings 5th Power System Computation Conference, PSCC, Cambridge,
UK, 1975, pp. 1–18.
[14] Qin Zhou, D. Shirmohammadi, and W. . E. Liu, “Distribution feeder
reconfiguration for service restoration and load balancing,” IEEE Trans-
actions on Power Systems, vol. 12, no. 2, pp. 724–729, May 1997.
[15] Whei-Min Lin and Hong-Chan Chin, “A new approach for distribution
feeder reconfiguration for loss reduction and service restoration,” IEEE
Transactions on Power Delivery, vol. 13, no. 3, pp. 870–875, July 1998.
[16] J. Li, X. Ma, C. Liu, and K. P. Schneider, “Distribution system restora-
tion with microgrids using spanning tree search,” IEEE Transactions on
Power Systems, vol. 29, no. 6, pp. 3021–3029, Nov 2014.
[17] A. Kavousi-Fard and T. Niknam, “Optimal distribution feeder recon-
figuration for reliability improvement considering uncertainty,” IEEE
Transactions on Power Delivery, vol. 29, no. 3, pp. 1344–1353, June
2014.
[18] S. Elsaiah, M. Benidris, and J. Mitra, “Reliability improvement of
power distribution system through feeder reconfiguration,” in Interna-
tional Conference on Probabilistic Methods Applied to Power Systems
(PMAPS), Durham, UK, July 2014, pp. 1–6.
[19] S. Civanlar, J. J. Grainger, H. Yin, and S. S. H. Lee, “Distribution
feeder reconfiguration for loss reduction,” IEEE Transactions on Power
Delivery, vol. 3, no. 3, pp. 1217–1223, July 1988.
[20] J. Singh and R. Tiwari, “Real power loss minimisation of smart grid
with electric vehicles using distribution feeder reconfiguration,” IET
Generation, Transmission Distribution, vol. 13, no. 18, pp. 4249–4261,
2019.
[21] E. W. Dijkstra, “A note on two problems in connexion with graphs,”
Numerische Mathematik, vol. 1, no. 1, pp. 269–271, Dec 1959.
[22] T. H. Cormen, C. E. L. R. L. Rivest, and C. Stein, Introduction to
Algorithms. New York, NY, USA: McGraw-Hill, 2001.
[23] EPRI. Open distribution system simulator. [Online]. Available:
https://smartgrid.epri.com/SimulationTool.aspx
[24] B. Amanulla, S. Chakrabarti, and S. N. Singh, “Reconfiguration of
power distribution systems considering reliability and power loss,” IEEE
Transactions on Power Delivery, vol. 27, no. 2, pp. 918–926, April 2012.
[25] Distribution System Analysis Subcommittee, “1992 test feeder
cases,” IEEE, PES, Tech. Rep., 1992. [Online]. Available: http:
//sites.ieee.org/pestestfeeders/resources/\
